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Abstract
Post-translational modiﬁcations such as ubiquitination play a key role in regulation of inﬂammatory nuclear factor-κB (NF-κB)
signalling. The Drosophila IκB kinase γ (IKKγ) Kenny is a central regulator of the Drosophila Imd pathway responsible for
activation of the NF-κB Relish. We found the Drosophila E3 ligase and HOIL-1L interacting protein (HOIP) orthologue linear
ubiquitin E3 ligase (LUBEL) to catalyse formation of M1-linked linear ubiquitin (M1-Ub) chains in ﬂies in a signal-dependent
manner upon bacterial infection. Upon activation of the Imd pathway, LUBEL modiﬁes Kenny with M1-Ub chains.
Interestingly, the LUBEL-mediated M1-Ub chains seem to be targeted both directly to Kenny and to K63-linked ubiquitin
chains conjugated to Kenny by DIAP2. This suggests that DIAP2 and LUBEL work together to promote Kenny-mediated
activation of Relish. We found LUBEL-mediated M1-Ub chain formation to be required for ﬂies to survive oral infection with
Gram-negative bacteria, for activation of Relish-mediated expression of antimicrobial peptide genes and for pathogen clearance
during oral infection. Interestingly, LUBEL is not required for mounting an immune response against systemic infection, as
Relish-mediated antimicrobial peptide genes can be expressed in the absence of LUBEL during septic injury. Finally,
transgenic induction of LUBEL-mediated M1-Ub drives expression of antimicrobial peptide genes and hyperplasia in the
midgut in the absence of infection. This suggests that M1-Ub chains are important for Imd signalling and immune responses in
the intestinal epithelia, and that enhanced M1-Ub chain formation is able to drive chronic intestinal inﬂammation in ﬂies.
Introduction
Ubiquitination is a reversible process, involving addition of
ubiquitin, a 76-amino acid-long polypeptide, to the target
substrate through a three-step enzymatic process carried out
by E1 ubiquitin-activating enzymes, E2 ubiquitin-
conjugating enzymes and E3 ubiquitin ligases [1]. Poly-
ubiquitin chains are created when lysine residues (K6, K11,
K27, K29, K33, K48, K63) or the N-terminal methionine
(M1) of ubiquitin itself are ubiquitinated. M1-linked ubi-
quitin (M1-Ub) chains are formed through linkage of the C-
terminal glycine of the incoming ubiquitin to the N-terminal
methionine of the preceding ubiquitin, instead of to a lysine
residue. M1-Ub chain formation is catalysed by the linear
ubiquitin chain assembly complex (LUBAC) consisting of
HOIL-1L interacting protein (HOIP), HOIL-1 and SHAR-
PIN [2–7] in mammals and by the recently described E3
ligase LUBEL (linear ubiquitin E3 ligase) in Drosophila
[8]. The really interesting new gene (RING)-in-between-
RING (RBR) domains of HOIP and LUBEL carry the
respective catalytic activity for M1-linkage-speciﬁc ubi-
quitination [4, 8]. Deubiquitinating enzymes (DUBs) pro-
vide an important level of regulation of ubiquitin chain
formation by breaking down ubiquitin chains and removing
the ubiquitin moieties from substrates [9]. CYLD and
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OTULIN are DUBs shown to be able to degrade M1-Ub
chains [10–15]. Ubiquitin conjugation to target proteins
may regulate proteins through conformational changes.
However, the most common mode of regulation involves
speciﬁc “ubiquitin receptors” that recognise ubiquitinated
proteins via their ubiquitin-binding domains (UBDs). This
ubiquitin binding allows for recognition of the ubiquitin
modiﬁcation and decoding of the ubiquitin message [16].
K48-linked ubiquitin chains have for long been known as
the main signal for proteasomal degradation of target sub-
strates [1], due to recognition by ubiquitin receptors in the
proteasome lids [17]. However, it has also been established
that ubiquitination, particularly with K63-linked ubiquitin
(K63-Ub) and M1-Ub chains, plays an important role in
regulation of nuclear factor-κB (NF-κB) activation and cell
death induction in signalling complexes [2, 5, 6, 18–21].
Inﬂammation is induced by cells that recognise and
respond to danger signals such as damage-associated or
pathogen-associated molecular patterns and is essential
for survival of organisms. Members of the NF-κB family
of transcription factors are found to be chronically active
in many inﬂammatory diseases, including in intestinal
Fig. 1 LUBEL is required for signal-dependent M1-Ub chain forma-
tion in ﬂies. a Adult wild-type CantonS and lubelMi mutant ﬂies were
infected by septic injury with the Gram-negative bacteria Ecc15. M1-
Ub chains were isolated at denaturing conditions from ﬂy lysates with
GST-NEMO-UBAN. Ubiquitin chains from lysates and pulldown
samples were analysed by Western blotting with α-M1 and pan-
ubiquitin antibodies and equal loading was controlled with α-Actin
antibody, n= 9. b Adult wild-type CantonS and lubelMi ﬂies were
starved for 2 h before infection by feeding with the Gram-negative
bacteria Ecc15. CantonS ﬂies fed with LB were used as controls. M1-
Ub chains were isolated from ﬂy lysates with GST-NEMO-UBAN at
denaturing conditions. Ubiquitin chains from lysates and pulldown
samples were analysed by Western blotting with α-M1 and pan-
ubiquitin antibodies and equal loading was controlled by immuno-
blotting with α-Actin antibodies, n= 3. c Adult wild-type CantonS and
lubelMi mutant ﬂies were infected by septic injury with the Gram-
negative bacteria Ecc15. M1-Ub chains were isolated from ﬂy lysates
with GST-NEMO-UBAN. The GST-NEMO-UBAN-isolated samples
were subjected to ubiquitin chain restriction (UbiCRest) with recom-
binant OTULIN and vOTU and M1-Ub chains were analysed by
Western blotting with an α-M1 antibody, n= 3
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bowel disease, and to be involved in colitis-associated
carcinogenesis [22, 23]. The ﬂy intestine is structurally
and functionally reminiscent of the mammalian, and
similarly as in mammals, the NF-κB family of tran-
scription factors are major mediators of inﬂammatory
signalling in ﬂies. In addition to the inﬂammatory sig-
nalling pathways controlling NF-κB, also the enzymatic
cascades regulating ubiquitination, the ubiquitin-binding
receptors, and the ubiquitin chains themselves are well
conserved through evolution [24, 25]. K63-Ub chains
induced by the Drosophila inhibitor of apoptosis protein
2 (DIAP2) are important for activation of the Drosophila
Imd pathway [26–28]. This Drosophila NF-κB pathway
is rapidly activated by PGRP-LCx receptors recognising
diaminopimelate-type peptidoglycans, which are com-
ponents of the cell wall of Gram-negative bacteria. The
Imd pathway activation leads to expression of hundreds
of genes, some of which encode antimicrobial peptides
(AMPs) required for fending off intruding pathogens
[25, 29–32]. PGRP-LCx activation leads to recruitment
of the protein Imd and formation of a signalling complex
including FADD and the Drosophila caspase-8 homo-
logue Dredd. Dredd-mediated cleavage of Imd leads to
exposure of an inhibitor of apoptosis (IAP)-binding
motif, recruiting the Drosophila inhibitor of apoptosis
protein DIAP2 to the complex [26, 32]. For signalling to
proceed, DIAP2-mediated K63-linked ubiquitination
of Imd and Dredd is necessary [26, 27]. While the
ubiquitination of Dredd is required for cleavage
and nuclear localisation of the Imd pathway-speciﬁc NF-
κB protein Relish [27, 33], Imd ubiquitination has been
suggested to promote recruitment of the Drosophila
mitogen-activated protein kinase kinase kinase dTAK1/
TAB2 and the Relish kinase complex IRD5/Kenny (IκB
kinase β/γ (IKKβ/IKKγ)) to the Imd signalling
complex [25].
We have now studied the contribution of M1-Ub chains
to Drosophila NF-κB signalling, which adds another layer
of complexity to the established role for K63-linked ubi-
quitination in the Imd pathway [26–28]. We found that the
Drosophila E3 ligase LUBEL catalyses formation of M1-
Ub chains upon bacterial challenge. We show that the
Drosophila IKKγ Kenny is a target for LUBEL, sug-
gesting that M1-linked ubiquitination in IKK complex
regulation is conserved. Importantly, LUBEL-mediated
M1 ubiquitination is required for the ﬂies to mount an
immune response to oral infection with Gram-negative
bacteria and clearing out the pathogen. Finally, transgenic
expression of the catalytic domain of LUBEL drives
Relish-mediated activation of AMP genes in the absence
of receptor stimulation and leads to intestinal inﬂamma-
tion in ﬂies.
Results
M1-Ub chains are formed upon bacterial infection in
Drosophila
M1-Ub chains have been shown to be induced by a plethora
of inﬂammation and stress promoting stimuli
[2, 5, 6, 8, 19, 34, 35] and to have an important function in
preventing cell death and in the activation of the pro-
inﬂammatory IKK complex in mammals [2, 5, 6, 19, 34].
However, their role in IKK regulation in non-mammalian
species has not yet been studied. To investigate M1-Ub
chains in ﬂies, we used a recombinant (GST)-tagged UBD
of IKKγ or NF-κB essential modulator (NEMO) (GST-
NEMO-UBAN), which is a high-afﬁnity M1-Ub chain
binder [10, 11], to pull down M1-Ub chains from whole ﬂy
lysates. We were able to detect only traces of M1-Ub chains
in wild-type CantonS ﬂies under basal conditions. However,
when inducing inﬂammation by septic injury (Fig. 1a) or
oral feeding (Fig. 1b) with the Gram-negative bacteria
Ecc15, an increase in M1-Ub chain formation was
observed. In contrast, infection did not induce any changes
in overall ubiquitin chain formation in ﬂies (Fig. 1a, b).
Interestingly, also starvation induced a transient M1-Ub
chain formation (Fig. 1b, lane 2) that was lost after 2 h
recovery without bacteria feeding (Fig. 1b, lane 3).
LUBEL (CG11321) was recently reported to be a
homologue of the mammalian LUBAC component and E3
ligase HOIP [8]. The lubel gene gives rise to nine splicing
variants of messenger RNA (mRNA) encoding for seven
different translated isoforms. Among these, only four
contain the catalytic RBR domain (Supplementary
Fig. 1A). To study the role of LUBEL in formation of M1-
Ub chains in ﬂies, we used a Minos transposable element
ﬂy line yw;Mi{ET1}LUBELMB00197. These lubelMi ﬂies
carry a 7.5 kb insertion between the UBA1 and UBA2 in
the lubel gene (Supplementary Fig. 1A). The Minos ele-
ment disrupts gene transcription before the catalytic part
of LUBEL, as mRNA transcripts of the N-terminal zinc-
ﬁnger (ZnF) domains of LUBEL can be detected, but
mRNA transcripts including the C-terminal catalytic RBR
region are not present in these transgenic ﬂies (Supple-
mentary Fig. 1B). Importantly, the M1-Ub chain forma-
tion induced upon infection in CantonS ﬂies was almost
completely abolished in the lubelMi ﬂies (Fig. 1a–c),
indicating that the induced M1-Ub chains are formed by
LUBEL. To conﬁrm that the identiﬁed ubiquitin chains
are M1-linked, GST-NEMO-UBAN-puriﬁed ubiquitin
chains from ﬂy lysates were treated with recombinant
OTULIN. OTULIN treatment led to a complete removal
of the M1-speciﬁc signal. In contrast, only a ladder of free
ubiquitin chains was found after treating samples with
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vOTU (Fig. 1c), which cleaves all ubiquitin chain types
except M1-Ub [36], and hence also the ubiquitin moieties
through which the M1-Ub chains are linked to their sub-
strates. As genes encoding for ubiquitin concatemers are
present in the Drosophila genome, we also wanted to
exclude that the M1-Ub chains detected upon infection
were a result of enhanced ubiquitin gene expression.
While there was no signiﬁcant difference in ubiquitin-p5E
mRNA expression in wild-type and lubel mutant ﬂies, and
as this ubiquitin mRNA expression was not signiﬁcantly
altered upon infection (Supplementary Fig. 1C), we con-
clude that the M1-Ub chains induced in Drosophila are
synthesised de novo by LUBEL.
LUBEL catalyses formation of M1-Ub chains in
Drosophila cells
Like HOIP, LUBEL contains N-terminal ZnF domains, a
ubiquitin-associated (UBA) domain and a C-terminal RBR
(Fig. 2a) [2–7, 37]. In addition, a second UBA is localised
immediately before the RBR. In mammals, HOIP interacts
with both HOIL-1 and SHARPIN through ubiquitin-like
domains, UBA domains and ZnF domains [2–7, 37].
Interestingly, no homologues of SHARPIN or HOIL-1 can
be found in the Drosophila genome. Consisting of 2892
amino acids, the size of the Drosophila LUBEL is sig-
niﬁcantly larger than the 1072 amino acids large human
Fig. 2 LUBEL synthesises and CYLD breaks down M1-Ub chains.
a Schematic comparison of the different domains of LUBEL encoded
by the lubel (CG11321) gene and human HOIP. The indicated cysteine
residue marks the ubiquitin acceptor site in RING2. The lubelMi ﬂy line
carries a 7.5 kb Minos transposable element (Mi element) inserted
between UBA1 and UBA2 in the lubel gene, as indicated in the ﬁgure
(B-box, ZnF and NZF: zinc ﬁngers; UBA: ubiquitin-associated
domain; R: RING, really interesting new gene; IBR: in-between-
RING; RBR: RING-in-between-RING; LDD: linear ubiquitin chain
determining domain; PUB: peptide N-glycanase/UBA-containing or
UBX-containing protein). b Structural modelling of the catalytic in-
between-RING (CBR) consisting of RING2 and the LDD of LUBEL
(Phyre2). The CBR of LUBEL (magenta) is modelled on human HOIP
(green) associated with donor (white) and acceptor (light blue) ubi-
quitins (PDB: 4LJO). The catalytic cysteines are indicated in blue
(LUBEL: C2704, HOIP: C885), the donor C-terminal glycines are
shown in beige, while the acceptor M1 is shown in red. The lower
panel is a zoom-in of the catalytic site in the upper panel. c Drosophila
S2 cells were transfected with empty vector, V5-tagged wild-type or
catalytically inactive C2704A mutant LUBEL RBR-LDD and lysates
were analysed by Western blotting using α-M1, α-K63, α-V5 and α-
Actin antibodies, n= 3. d Drosophila S2 cells were transfected with
empty vector, V5-tagged wild-type LUBEL RBR-LDD and V5-tagged
Drosophila CYLD and lysates were analysed by Western blotting with
α-M1, α-K63, α-V5 and α-Actin antibodies, n= 3
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HOIP (Fig. 2a); however, no conserved motives have been
found in the large connecting sequences between the men-
tioned domains.
The catalytic RBR domain in HOIP is responsible for
positioning the proximal and distal ubiquitin into close
vicinity of one another and for ligation of the moieties. The
RBR consists of three ZnF structures, RING1, IBR (in-
between-RING) and RING2 with a linear ubiquitin chain
determining region (LDD) (Fig. 2a, Supplementary Fig. 1A)
[38, 39]. Structural modelling of the RING2 and the LDD
together with M1-linked di-ubiquitin indicates that the
catalytic pocket including the positioning of the catalytic
cysteine of LUBEL is similar to the one in mammalian
HOIP, referred to as the catalytic in-between-RING (CBR).
Also, the positioning around the donor and acceptor ubi-
quitin moieties in the catalytic core of HOIP and LUBEL
seems conserved (Fig. 2b). The RBR-LDD of LUBEL is
able to form M1-Ub chains (Supplementary Fig. 2A), which
are sensitive to in vitro treatment with the M1-speciﬁc
DUB OTULIN, but not to treatment with the K48-
speciﬁc DUB otubain-1 (OTUB1) or the K63-speciﬁc
DUB-associated molecule with the SH3 domain of
STAM (AMSH) (Supplementary Fig. 2B). Furthermore,
the RBR-LDD of LUBEL seems to speciﬁcally
synthesise M1-Ub chains, as it cannot use N-terminally His-
tagged ubiquitin to build ubiquitin chains (Supplementary
Fig. 2C, D).
To study whether the E3 ligase activity of RBR-LDD is
able to induce M1-Ub chain formation in cells, we
expressed wild-type LUBEL RBR-LDD and a catalyti-
cally inactive C2704A mutation in RING2 in Drosophila
S2 cells. Importantly, the wild-type but not the C2704A
mutant form of the LUBEL RBR-LDD was able to induce
formation of M1-Ub chains (Fig. 2c), showing that the
catalytic function of RING2 mediates M1-Ub chain
assembly in ﬂy cells. The Drosophila CYLD has been
shown to interact with the LUBEL RBR-LDD and
degrade M1-Ub chains in vitro [8]. To study whether
Drosophila CYLD is able to cleave M1-Ub chains formed
by LUBEL, we overexpressed CYLD in S2 cells. Indeed,
CYLD co-expression removed all M1-Ub chains induced
by overexpression of the LUBEL RBR-LDD (Fig. 2d),
indicating that CYLD can regulate LUBEL-induced M1-
linked ubiquitination in Drosophila cells. In addition,
overexpression of CYLD had a small effect on the amount
of K63-Ub chain in S2 cells.
Fig. 3 Kenny is targeted with M1-Ub chains upon activation of Imd
signalling. a Drosophila S2 cells were transfected with empty vector,
V5-tagged wild-type Kenny and V5-tagged wild-type RBR-LDD. M1-
Ub chains were isolated from cell lysates with GST-NEMO-UBAN.
Ubiquitin chains from lysates and pulldown samples were analysed by
Western blotting with α-V5, α-M1, α-K63 and α-Actin antibodies,
n= 4. b Drosophila S2 cells were transfected with empty vector, V5-
tagged PGRP-LCx and HA-tagged Kenny. M1-Ub chains were
isolated from cell lysates with GST-NEMO-UBAN at denaturing
conditions and the samples were analysed by Western blotting with α-
M1, α-HA, α-V5 and α-Actin antibodies, n= 3. c Drosophila S2 cells
were transfected with empty vector and HA-tagged Kenny, V5-tagged
Drosophila CYLD and treated with 80 µg/ml LPS for 0.5 and 2 h. HA
immunoprecipitations were performed at denaturing conditions and the
samples were analysed by Western blotting with α-M1, α-HA, α-V5
and α-Actin antibodies, n= 3
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The regulatory IKK Kenny is a target for M1-Ub
chains
M1-Ub chains have been implicated to regulate NF-κB
signalling via the regulatory IKK NEMO both via UBAN-
mediated binding and by NEMO ubiquitination [5, 6, 40].
The Drosophila NEMO homologue Kenny is an important
mediator of Imd signalling and Relish activation. To test
whether Kenny is M1-ubiquitinated, we pulled down M1-
Ub chains with recombinant GST-NEMO-UBAN from
Drosophila S2 cell lysates made under denaturing condi-
tions. Indeed, high-molecular weight smears of ubiquiti-
nated Kenny were detected upon overexpression of LUBEL
RBR-LDD (Fig. 3a). To test whether Kenny ubiquitination
is signal-dependent, we induced the Imd pathway by
overexpression of PGRP-LCx or by lipopolysaccharide
(LPS) treatment [41]. Kenny expression alone induced M1
ubiquitination of Kenny, and, importantly, the M1 ubiqui-
tination of Kenny was increased upon activation of the Imd
pathway via PGRP-LCx (Fig. 3b) or LPS (Fig. 3c). As we
found Drosophila CYLD to break down M1-Ub chains
formed by the RBR-LDD of LUBEL (Fig. 2d), and as
CYLD has been shown to function as a DUB and to interact
with Kenny in Drosophila S2 cells [42], we wanted to test
how CYLD affects Kenny ubiquitination. Indeed, ectopic
expression of CYLD completely abolished the
overexpression-induced M1 ubiquitination of Kenny, sug-
gesting that CYLD is able to remove M1-Ub chains from
Kenny. Similarly, CYLD upregulation reduced the LPS-
induced M1 ubiquitination of Kenny (Fig. 3c). Imd, which
is related to the mammalian HOIP target RIPK1 [43], is a
signalling protein shown to be targeted by K63-linked
ubiquitination by DIAP2. However, we could not detect any
RBR-LDD-mediated M1-linked ubiquitination of Imd
(Supplementary Fig. 3).
Kenny is modiﬁed by mixed K63-Ub and M1-Ub
chains
To further analyse the Ub chains recruited to Kenny, we
pulled down HA-tagged Kenny from lysates made under
denaturing conditions (Fig. 4a) and treated the samples with
recombinant chain-speciﬁc DUBs. The M1-Ub-speciﬁc
OTULIN cleaved all M1-Ub chains bound to Kenny
(Fig. 4a, lanes 5 and 8), conﬁrming that the chains attached
to Kenny were M1-linked. A ladder of free M1-Ub chains
was left after treatment with vOTU (Fig. 4a, lanes 6 and 9),
which cleaves all except M1-Ub chains [36], and hence also
the link to the substrate.
It has been shown that M1-Ub chains can be conjugated
to K63-Ub chains to form mixed or branched chains [44],
and the pattern of M1-Ub chains seen in ﬂy lysates is
changed upon treatment with vOTU (Fig. 1c, lanes 4 and 6),
indicating that lysine-linked ubiquitin chains may affect M1
ubiquitination. To know if mixed ubiquitin chains may be
associated with Kenny, we ﬁrst tested if Kenny is subjected
to K63 ubiquitination. For this purpose, we co-expressed
Kenny with a His-tagged ubiquitin mutant in which all
lysines except K63 were mutated to arginines (His-K63-
only Ub) and with DIAP2, which we previously showed
catalyses K63-linked ubiquitination [27, 45]. Immunopre-
cipitations performed under denaturing conditions indeed
showed that Kenny was modiﬁed by K63-linked ubiquiti-
nation with DIAP2, further increasing this modiﬁcation
(Fig. 4b). Importantly, we found DIAP2 not only to induce
K63 ubiquitination of Kenny but also to boost M1 ubiqui-
tination of Kenny (Fig. 4c). Furthermore, a reduction in
Kenny M1 ubiquitination was detected, when the M1-Ub
chains pulled down with GST-NEMO-UBAN were treated
with the DUB AMSH, which speciﬁcally cleaves K63-
linked chains [36], indicating that Kenny is M1-
ubiquitinated both directly and indirectly on K63-Ub
chains (Fig. 4d).
Molecular modelling of the UBANs of NEMO and
Kenny indicates that the UBAN is structurally conserved
throughout evolution (Fig. 5a), including the strong M1-Ub-
binding surfaces formed by the amino acids F312, R316,
R319 and E320 in human NEMO [46, 47]. Interestingly,
expression of wild type Kenny, but not the ubiquitin-
binding surface mutant forms of Kenny (F281A and
R285A/R288A/E289A, corresponding to F312A and
R316A/R319A/E320A) lead to accumulation of M1-Ub
chains (Fig. 5b). These results indicate that in addition to
being conjugated to M1-Ub chains, Kenny is associated
with M1-Ub chains via its UBAN, which leads to ubiquitin
chain stabilisation.
Fig. 4 Kenny is modiﬁed by mixed K63-Ub and M1-Ub chains.
a Drosophila S2 cells were transfected with empty vector, HA-tagged
Kenny and V5-tagged wild-type LUBEL RBR-LDD. HA immuno-
precipitations were performed at denaturing conditions and the sam-
ples were subjected to ubiquitin chain restriction (UbiCRest) with
OTULIN and vOTU. Samples were analysed by Western blotting with
α-M1, α-K63 and α-HA antibodies, n= 2. b Drosophila S2 cells were
transfected with DIAP2, His-tagged K63-only Ub and V5-tagged
Kenny. His-Ub pulldowns were performed at denaturing conditions
and the samples were analysed by Western blotting with α-V5, α-
DIAP2 and α-Actin antibodies, n= 3. c Drosophila S2 cells were
transfected with empty vector, DIAP2, V5-tagged wild-type or
C2704A LUBEL RBR-LDD, and HA-tagged Kenny. HA immuno-
precipitations were performed at denaturing conditions and the
samples were analysed by Western blotting with α-M1, α-K63, α-V5,
α-HA, α-DIAP2 and α-Actin antibodies, n= 3. d Drosophila S2 cells
were transfected with empty vector, HA-tagged Kenny and V5-tagged
wild-type LUBEL RBR-LDD. M1-Ub chains were isolated from cell
lysates with GST-NEMO-UBAN at denaturing conditions and the
samples were subjected to UbiCRest with OTULIN and AMSH.
Samples were analysed by Western blotting with α-M1 and α-HA
antibodies, n= 3
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LUBEL is required for mounting an immune
response upon oral infection with Gram-negative
bacteria
As M1-Ub chain formation is induced upon infection in
Drosophila, we wanted to study whether LUBEL is
important for mounting an immune response against bac-
teria in ﬂies. However, we did not detect any signiﬁcant
differences in the survival of CantonS and lubelMi ﬂies
infected with Ecc15 by septic injury, whereas dreddL23
mutant ﬂies, in which cleavage and activation of Relish is
prohibited, succumbed upon septic infection (Fig. 6a).
When analysing the infection-induced expression of Imd
pathway-speciﬁc AMPs in lubelMi ﬂies, only a slight, not
signiﬁcant reduction in expression of Drosocin was detec-
ted (Fig. 6b). Likewise, lubelMi ﬂies tolerated septic infec-
tion with the Gram-positive bacteria Micrococcus luteus (M.
luteus) and were able to upregulate expression of the Toll
pathway-speciﬁc AMPs IM1 and Drosomycin equally well
as the wild-type CantonS ﬂies (Supplementary Fig. 4A, B).
However, when infecting ﬂies orally, by feeding them with
Ecc15, most lubelMi ﬂies succumbed, whereas most wild-
type CantonS ﬂies survived the bacterial feed (Fig. 6c).
Importantly, the Mi{MIC}LUBELMI14859 mutant ﬂy
strain, with an insertion after the catalytic RBR-LDD region
was not sensitive to oral infection (Supplementary Fig. 1A,
4C). Finally, a signiﬁcant reduction in Drosocin expression
could be detected after oral Ecc15 infection in the lubelMi
ﬂies, correlating with their sensitivity (Fig. 6d). These
results indicate that although M1-Ub chain formation is
induced upon septic infection, it is not required for systemic
activation of NF-κB in the fat body, which is the organ
responsive for activation of AMP expression in response to
septic infection [48].
To study if M1-Ub chains are required for induction of
Imd signalling and local expression of AMPs as a response
to infection in the epithelia of the intestine, we examined the
expression of Diptericin in the midgut of control and
bacteria-fed ﬂies using Diptericin-LacZ reporter ﬂies.
Importantly, the Diptericin expression was enhanced only
in the intestines of control Diptericin-LacZ and not in lubel
mutant Diptericin-LacZ ﬂies (Fig. 6e). Intestinal inﬂam-
mation is associated with midgut hyperplasia in Drosophila
[49] and can be detected by staining the proliferation marker
Fig. 5 Kenny UBAN binding
stabilises M1-Ub chains.
a Structural modelling of the
UBAN of Kenny (Phyre2). The
Kenny UBAN (yellow) is
modelled on a di-Ub-bound
dimer of human NEMO (pink),
PDB: 2ZVN. Ubiquitin is shown
in blue and the conserved F281,
R285, R288 and E289 are
indicated in white. The lower
panel is a zoom-in of the
catalytic site in the upper panel.
b Drosophila S2 cells were
transfected with empty vector,
V5-tagged wild type, F281A,
R285A/R288A/E289A mutant
Kenny and HA-tagged RBR-
LDD. V5 immunoprecipitations
were performed at denaturing
conditions and the samples were
analysed by Western blotting
with α-M1, α-K63, α-V5, α-HA
and α-Actin antibodies, n= 3
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phospho-histone H3. To analyse the role of LUBEL in
infection-induced inﬂammation in the intestine, we counted
phospho-histone H3-positive cells in the midguts in control
ﬂies and in ﬂies fed with Ecc15. While an increase in cell
proliferation could be detected upon oral infection in wild-
type CantonS ﬂies, no such increase could be detected in
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lubelMi ﬂies (Fig. 6f). This suggests that LUBEL is required
for infection-induced inﬂammation in the Drosophila gut.
To ﬁnally test the requirement of LUBEL in clearing
ingested food-borne pathogens, we fed wild-type CantonS
and lubelMi mutant ﬂies with ampicillin-resistant Escher-
ichia coli. After feeding, we plated homogenised ﬂies on
ampicillin-containing agar plates and counted colonies.
Interestingly, the amount of colony-forming bacteria was
signiﬁcantly higher in the lubelMi mutant ﬂies than in wild-
type ﬂies, suggesting that LUBEL is required for clearing
pathogens from the ingested food (Fig. 6g).
RBR-LDD-induced M1 chain formation drives NF-κB
activation in ﬂies
To investigate the role of M1-Ub chains in vivo, we gen-
erated transgenic ﬂies to express wild-type and catalytically
inactive RBR-LDD under the control of the UAS-Gal4
system. The transgenes were successfully incorporated in
the genome and ubiquitous expression was driven by
DaGal4 (Fig. 7a). To test the effect of M1-Ub chains on
activation of Relish target genes induced via the Imd
pathway, we studied the expression of AttacinA, Diptericin
and Drosocin. Interestingly, all these inﬂammatory AMP
genes were induced in the absence of infection in ﬂies
expressing wild-type RBR-LDD (Fig. 7b).
As M1-Ub chain formation was induced upon oral
infection and required for immune responses (Figs. 1b,
6c–g), we wanted to study the consequences of the LUBEL-
induced AMP expression in intestinal inﬂammatory sig-
nalling. To determine whether induction of M1-Ub chain
formation by transgenic expression of RBR-LDD affected
inﬂammatory signalling in the intestine, we examined the
expression of Diptericin in the midgut of control and RBR-
LDD-expressing ﬂies using the Diptericin-LacZ reporter.
Interestingly, Diptericin expression in the intestine was
enhanced by wild-type RBR-LDD (Fig. 7c). Importantly,
also the amount of phospho-histone H3-positive proliferat-
ing cells in the midguts of ﬂies expressing wild-type RBR-
LDD was signiﬁcantly increased compared to control ﬂies
and ﬂies expressing the catalytically inactive RBR-LDD-C
> A (Fig. 7d, e), suggesting that constitutive LUBEL
activity drives Relish-mediated chronic intestinal inﬂam-
mation in ﬂies.
Discussion
Both K63-linked and M1-linked ubiquitination have been
described to have important roles in regulation of mam-
malian NF-κB signalling [2, 5, 6, 19, 34, 35] and the role
for K63-linked ubiquitination in the Drosophila Imd path-
way is well established [26–28]. Here, we show that the
Drosophila ubiquitin E3 ligase LUBEL induces M1-linked
ubiquitination upon activation of the Imd pathway. Our
results indicate that the IKK Kenny, which is required for
activation of Relish, is a target of M1-linked ubiquitination.
In addition to being directly modiﬁed by M1-linked ubi-
quitination, K63-Ub chains conjugated to Kenny by
DIAP2 seem to be modiﬁed by M1-linked ubiquitination,
forming K63-M1-linked mixed heterotypic chains. Inter-
estingly, the stability of M1-Ub chains depends on binding
to the UBAN of Kenny, as no M1-Ub chains can be
detected upon expression of Kenny UBAN mutants.
We also found the Drosophila CYLD to induce degra-
dation of M1-Ub chains. In mammals, OTULIN and CYLD
have been shown to cleave M1-Ub chains [10–15], and the
M1-Ub chain-antagonising activity of CYLD seems to be
particularly important in NF-κB activating signalling com-
plexes [50]. As no OTULIN homologue has been found in
the Drosophila genome, CYLD may have an important role
in degrading M1-Ub chains in the ﬂy. However, as we show
here and as previously described [8, 13–15], both mam-
malian and Drosophila CYLD are able to degrade also K63-
Ub chains. Hence, we cannot exclude that the loss of M1-
Ub chains due to CYLD activity is a consequence of
degradation of the K63-Ub chains to which M1-Ub
Fig. 6 LUBEL is required for mounting an immune response upon oral
infection with Gram-negative bacteria. a Adult wild-type CantonS,
dreddL23 and lubelMi mutant ﬂies were subjected to septic injury with
the Gram-negative bacteria Ecc15 and their survival was monitored
over time. Error bars indicate SEM from more than 10 independent
experimental repeats using at least 20 ﬂies per repeat. b Adult CantonS,
dreddL23 and lubelMi mutant ﬂies were infected by septic injury with
the Gram-negative bacteria Ecc15. Relish activation was studied by
analysing the expression of Drosocin with qPCR. Error bars indicate
SEM from more than 10 independent experimental repeats using at
least 10 ﬂies per repeat. c Adult CantonS, RelE20 and lubelMi mutant
ﬂies were infected by feeding with the Gram-negative bacteria Ecc15
and their survival was monitored over time. Error bars indicate SEM
from three independent experimental repeats using at least 20 ﬂies per
repeat. d Adult CantonS, dreddL23 and lubelMi mutant ﬂies were
infected by feeding with the Gram-negative bacteria Ecc15. CantonS
ﬂies fed with LB-sucrose were used as controls. Relish activation was
studied by analysing the expression of Drosocin with qPCR. Error bars
indicate SEM from three independent experimental repeats using at
least 10 ﬂies per repeat. e Adult female DaGal4,Dipt-lacZ and lubelMi;
DaGal4,Dipt-lacZ mutant ﬂies were infected by feeding with the
Gram-negative bacteria Ecc15 for 8 h. Intestines were dissected and
stained for β-galactosidase activity, n= 3. f CantonS and lubelMi
mutant ﬂies were infected by feeding with the Gram-negative bacteria
Ecc15 for 24 h. Intestines were dissected and stained for phospho-
histone H3. All phospho-histone H3-positive cells in midguts prepared
and stained were counted for statistics, error bars indicate SEM from
four independent experimental repeats and the number of intestines
analysed are indicated in brackets. g CantonS and lubelMi mutant ﬂies
were infected by feeding with ampicillin-resistant E. coli for 24 h and
the bacterial load was assessed by counting colony-forming units
(CFU); error bars indicate SEM from three independent experimental
repeats. ns nonsigniﬁcant, nonsigniﬁcant, * p< 0.05, ** p< 0.01, ***
p< 0.001
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chains are coupled. The association between LUBEL and
CYLD may also not be conserved, as no PUB (peptide
N-glycanase/UBA-containing or UBX-containing protein)
domain responsible for DUB binding is found in LUBEL.
Interestingly, CYLD has been shown to be able to bind
directly to the RBR-LDD of LUBEL in vitro [8].
However, in vivo the connection may also be indirectly
mediated via a connecting protein such as Tamo, which is a
homologue of the mammalian HOIP-CYLD connector
Spata2 [51–54].
Interestingly, LUBEL-mediated M1 ubiquitination is
required for mounting an immune response upon oral
infection, but not upon septic injury. Septic injury induces a
systemic inﬂammation requiring activation of AMP
expression and release from the fat body, whereas pathogen
feeding induces a local inﬂammatory expression and release
of AMPs from the intestinal epithelial cells [48]. While both
the Imd and Toll pathways are able to induce Relish-
mediated and Dif-mediated expression of AMP genes in the
fat body of ﬂies during systemic infection, only the Imd
Fig. 7 RBR-LDD-induced M1 chain formation drives NF-κB activa-
tion in ﬂies. Transgenic expression of wild-type or C2704A RBR-
LDD was induced via the UAS-Gal4 system using the ubiquitous
DaGal4 driver. a mRNA expression was analysed by PCR of cDNA.
Fly lines: wild-type CantonS, DaGal4/TM6, UAS-RBR-LDDWT/
DaGal4, UAS-RBR-LDDC>A/DaGal4, n= 3. b Basal Relish activation
was studied by analysing the expression of the AMPs AttacinA,
Drosocin and Diptericin with qPCR. Error bars indicate SEM from
three independent experimental repeats using at least 10 ﬂies per
repeat. Fly lines: control DaGal4/TM6, UAS-RBR-LDDWT/DaGal4,
UAS-RBR-LDDC>A/DaGal4. c Transgenic expression of wild-type
RBR-LDD was induced via the UAS-Gal4 system using the
ubiquitous DaGal4,Dipt-lacZ driver. Intestines from adult female
DaGal4,Dipt-lacZ driver ﬂies and DaGal4,Dipt-lacZ/UAS-RBR-LDD
ﬂies expressing wild-type RBR-LDD were dissected and stained for β-
galactosidase activity, n= 3. d Intestines from adult DaGal4 driver
ﬂies and ﬂies expressing wild-type or C2704A RBR-LDD ﬂies were
dissected and stained for phospho-histone H3 (red) and DAPI (white).
The phospho-histone H3-positive cells are marked with arrows. e All
phospho-histone H3-positive cells in midguts prepared and stained
were counted for statistics, error bars indicate SEM from at least three
independent experimental repeats and the number of intestines ana-
lysed are indicated in brackets. ns nonsigniﬁcant, * p < 0.05, ** p <
0.01, **** p < 0.0001
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pathway has been found to function in the intestinal epi-
thelia [55]. Heterodimers of the NF-κB transcription factors
Dif and Relish can activate AMP expression upon activa-
tion of both the Toll and Imd pathways, but with different
speciﬁcity for different genes [43, 56]. Thus, it is possible
that Dif-Relish heterodimers are activated upon systemic
infection in the fat body also in the absence of M1-Ub chain
formation, inducing the resistance to systemic infection with
Gram-negative bacteria independently of M1-Ub chains. As
we found Kenny to be strongly modiﬁed with K63-linked
ubiquitin chains by DIAP2, it is also possible that the
DIAP2-induced K63-linked ubiquitination is sufﬁcient for
activation of both Dredd and Relish in response to septic
infection. Intriguingly, we found that transgenic expression
of the RBR-LDD of LUBEL is able to induce M1-Ub chain
formation and activation of Relish target genes, including
AttacinA, Drosocin and Diptericin in the absence of infec-
tion, indicating that M1-Ub chains may be used for Relish
activation. Furthermore, transgenic induction of LUBEL-
mediated M1-Ub chain formation in the absence of infec-
tion induced both Diptericin expression and intestinal stem
cell proliferation in the midgut of Drosophila, suggesting
that M1-Ub chains may be linked to chronic intestinal
inﬂammation.
Both K63-linked and M1-linked ubiquitination have been
described to have important roles in regulation of inﬂamma-
tory NF-κB signalling mediated via the mammalian TNFR1
and NOD2 signalling pathways [2, 5, 6, 19, 34, 35, 50, 57].
While LUBAC activates these canonical NF-κB pathways by
M1-linked ubiquitination of NEMO, RIPK1, TRADD,
TNFR1 and RIPK2, IAPs regulate the same signalling mole-
cules by K63-linked ubiquitination [2, 5, 6, 35, 50, 57–59].
The similarities in the mammalian TNFR1 and NOD2 and the
Drosophila Imd pathways include many conserved signalling
mediators. IAP-mediated K63-Ub chain formation is already
established in both mammalian and ﬂy pathways [19, 26–28].
We have now found that also M1-Ub chain formation is
induced upon activation of the Imd pathway and, importantly,
that this is required for mounting an immune response against
Gram-negative bacteria. In addition to the E3 ligases and
DUBs regulating ubiquitination, also some of the targets for
K63- and M1 ubiquitination seem to be conserved through
evolution, making Drosophila a convenient organism to study
the general principles of ubiquitin-mediated regulation of
inﬂammatory signalling.
To be able to control unwanted inﬂammation that may
cause diseases such as chronic inﬂammation and cancer,
ﬂexible but precise mechanisms are required to tune
inﬂammatory signals in cells. As we show that uncontrolled
induction of M1-linked ubiquitination drives intestinal
inﬂammation in Drosophila, it would be important to fur-
ther investigate whether ubiquitin modiﬁcations can be used
as molecular switches to therapeutically target inﬂammatory
signalling in chronic inﬂammation and cancer in the intes-
tine. Hence, this critical knowledge of ubiquitin regulation
in inﬂammation may open up possibilities for discovery of
new drug targets and diagnostic markers.
Materials and methods
Fly husbandry and strains
Drosophila melanogaster were maintained at 25 °C with a
12 h light–dark cycle on Nutri-ﬂy BF (Dutscher Scientiﬁc).
CantonS wild-type ﬂies, DaGal4 driver lines, DaGal4,Dipt-
LacZ reporter lines, and balancer lines, as well as dreddL23
and spätzleRM7 mutant ﬂies were kindly provided by Prof.
Pascal Meier [60, 61]. The Drosophila ﬂy lines w:RelE20
(stock #9457), yw;Mi{ET1}LUBELMB00197 (stock #22725
referred to as lubelMi) and Mi{MIC}LUBELMI14859 (stock
#59639 referred to as lubelMiMic) were obtained from
Bloomington stock centre. Fly egg injection for generation
of LUBEL RBR-LDD transgenic ﬂies was done by Best-
gene Inc. UAS-RBR-LDDWT and UAS-RBR-LDDC>A were
both introduced to the landing site line #24749, and
expression of the transgenes was veriﬁed by PCR on cDNA
using Q5 High-Fidelity Polymerase Kit (NEB) according to
the manufacturer’s instructions (primers: 5′-CCTAACC
CTCTCCTCGGTCT and 5′-CACATTCTGCTCCTTCA
GCA).
Bacterial strains, infection and survival experiments
The Gram-negative bacteria Erwinia carotovora carotovora
15 (Ecc15) and Gram-positive bacteria Micrococcus luteus
(M. luteus) were kindly provided by Dr. François Leulier
and the E. coli Top10 strain was purchased from Thermo-
Fisher Scientiﬁc. The bacteria were cultivated in Luria-
Bertani (LB) medium at 29 °C for 16–18 h on agitation and
concentrated (optical density of 0.2). Septic injuries were
performed by pricking 2–4-day-old adult ﬂies in the lateral
thorax with a thin needle previously dipped in a con-
centrated solution of Ecc15 or M. luteus. For isolation of
M1-Ub chains, 40 ﬂies were incubated for 1 h after the
septic injury, and for quantitative PCR (qPCR), 10 ﬂies
were incubated for 5 h at 25 °C. Oral feeding was performed
by ﬁrst starving adult ﬂies for 2 h at 25 °C and thereafter
feeding them with a 1:1 solution of bacteria and 5%
sucrose. For isolation of M1-Ub chains, 40 ﬂies were
incubated for 8 h, and for qPCR, 10 ﬂies were incubated for
8 h at 25 °C. For survival assays, 20 ﬂies were counted at
indicated time points after infection. Infection experiments
were excluded if more than 25% of the negative control
strains survived bacterial infection or if AMP gene
expression was signiﬁcantly enhanced in these ﬂies. In these
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cases, the bacterial potency was considered too low. Sur-
vival experiments, in which wild-type ﬂies survived to a
less extent than 75%, were also excluded. These criteria
were pre-established.
Cell culture and transfection of Drosophila S2 cells
Drosophila Schneider S2 cells (Invitrogen) were grown at
25 °C using Schneider medium supplemented with 10%
fetal bovine serum, 1% L-glutamine and 0.5% penicillin/
streptomycin. S2 cells were transfected with indicated
constructs using Effectene transfection reagent (Qiagen)
according to the manufacturer’s instructions. Fifty percent
conﬂuent 10 cm plates were used to prepare lysates for
immunoprecipitations and GST-pulldown assays, and 6-
well plates were used for lysates for Western blot analysis.
Expression of pMT plasmids was induced with 500 µM
CuSO4 for 16 h before lysis. LPS (Sigma) was used at
80 µg/ml for the indicated times and 1 µM of 20-
hydroxyecdysone (Sigma) was added 24 h prior to LPS
treatment.
Plasmids and antibodies
Plasmids pMT/Flag-His, pMT/HA-Flag, pMT-V5-Kenny-
V5, pAc-DIAP2, pMT-dCYLD-V5-His and pMT-PGRP-
LCx-V5-His were kindly provided by Prof. Pascal Meier.
Kenny-HA was subcloned from pMT-V5-Kenny-V5. Syn-
thetic codon-optimised LUBEL RBR-LDD (GeneScript)
was subcloned into pMT for expression in cells, pGEX for
in vitro expression and pUAS-attB for PhiC31-mediated
integration in the genome [62]. Site-directed mutagenesis to
make Kenny F281A and R285A/R288A/E289A mutants
and LUBEL RBR-LDD C2704A mutants was performed
using QuikChange Lightning Site-directed Mutagenesis Kit
(Agilent Technologies). GST-NEMO-UBAN [10, 11] was
provided by Dr. Mads Gyrd-Hansen. The following anti-
bodies were used: α-M1 (clone IE3, #MABS199, Millipore
or LUB9 #AB130, Lifesensor), α-K63 (clone Apu3, #05-
1308, Millipore), α-Ub (clone Ubi-1, #NB300-130, Novus
or clone FK2, #BML-PW8810-0100, Enzo), α-DIAP2
[63], α-GST (#27-4577-50, GE Healthcare), α-HA (clone
3F10, #11867423001, Roche), α-V5 (Clone SV5-
Pk1, #MCA1360, Bio-Rad), α-phospho-histone H3 (Ser10,
#9701, Cell Signalling Technology) and α-Actin (C-11, sc-
1615, Santa Cruz).
Puriﬁcation of GST-fusion proteins
Expression of GST-RBR-LDD was induced in E. coli BL21
by the addition of 0.1 mM isopropyl β-D-1-thiogalactopyr-
anoside (IPTG) (o/n culture at 18 °C) in LB medium con-
taining 50 μM ZnCl2. Bacteria were lysed by sonication in
lysis buffer containing 50 mM Tris (pH 8), 100 mM NaCl,
50 µM ZnCl2, 1 mM EDTA, 1% Triton X-100, 1 mM
dithiothreitol (DTT) and protease inhibitor Complete,
EDTA-free (Roche). The lysate was incubated with Glu-
tathione Sepharose™ 4B (GE Healthcare) for 2 h. Beads
were washed in wash buffer containing 20 mM Tris (pH 8),
100 mM NaCl, 50 µM ZnCl2, 1 mM EDTA and 0.1% Triton
X-100. Elution of GST-RBR-LDD was performed in wash
buffer without Triton X-100 containing 20 mM glutathione.
The proteins were concentrated from the eluate using
Amicon® Ultra-4 30K centrifugal ﬁlter devices (Merck
Millipore). Glutathione was removed from the concentrated
samples using Zeba™ spin desalting columns (Thermo
Scientiﬁc). GST-NEMO-UBAN expression was induced in
E. coli BL21 by the addition of 0.2 mM IPTG to an over-
night culture of bacteria in LB medium at 18 °C. Bacteria
were lysed by sonication in lysis buffer containing 50 mM
Tris (pH 8.5), 150 mM NaCl, 3 mM DTT, 0.5 mM phe-
nylmethylsulfonyl ﬂuoride and 0.2 mg/ml lysozyme. The
lysate was added to a column with Glutathione Sepharose™
4B (GE Healthcare) and then washed with wash buffer
containing 50 mM Tris (pH 8.5) and 150 mM NaCl. GST-
NEMO-UBAN was eluted in 50 mM Tris (pH 8.5), 150 mM
NaCl, 10% glycerol, 3 mM DTT and 50 mM glutathione.
The proteins were concentrated from the eluate using
Amicon® Ultra-4 30K centrifugal ﬁlter devices (Merck
Millipore).
In vitro ubiquitination assays
Ubiquitination reactions were carried out as described [38].
Samples contained 15 µM ubiquitin, 10 mM ATP, 0.1 µM
hUBE1 (Boston Biochem), 0.6 µM UbcD1 [64], 1 µM wild-
type or mutant GST-RBR-LDD fragment or GST in a buffer
of 20 mM HEPES/HCl (pH 8), 150 mM NaCl, 10 mM
MgCl2 and 0.5 mM DTT. The reaction was incubated at
25 °C overnight. Sample separation was performed on
NuPAGE Novex 4–12% Bis-Tris protein gels (Life Tech-
nologies) in 2-(N-morpholino)ethanesulfonic acid (MES)
buffer or TruPAGE 4–20% gels (Sigma-Aldrich) in TEA-
Tricine sodium dodecyl sulfate (SDS) running buffer.
Puriﬁcation of linear ubiquitin conjugates from ﬂies
and cells
M1-Ub conjugates were puriﬁed using a recombinant pro-
tein containing the UBAN region of NEMO (residues
257–346) fused to GST (GST-NEMO-UBAN) [10, 11].
Forty ﬂies or one 10 cm conﬂuent plate of cells were lysed
using a buffer containing 20 mM NaH2PO4, 1% NP-40, 2
mM EDTA supplemented with 1 mM DTT, 5 mM N-
ethylmaleimide (NEM), Pierce™ Protease Inhibitor, Phos-
STOP, 5 mM chloroacetamide and 1% SDS. Lysates were
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sonicated, diluted to 0.1% SDS and cleared before incuba-
tion with Glutathione Sepharose™ 4B (GE Healthcare) and
GST-NEMO-UBAN (30–100 mg/ml) for a minimum of 2 h
under rotation at 4 °C. The beads were washed three times
with ice-cold phosphate-buffered saline-Tween-20 (PBS-
Tween-20) (0.1%) and eluted using Laemmli sample buffer.
Ubiquitin chain restriction analysis
Deubiquitination of in vitro reactions were carried out with
1 µM of GST, 5 µM activated GST-OTULIN (Ubiquigent),
GST-OTUB1 (Ubiquigent) or GST-AMSH (Ubiquigent) in
a buffer of 50 mM Tris (pH 7.5), 50 mM NaCl and 5 mM
DTT for 30 min at 37 °C. For activation, the cysteine pro-
tease DUBs were incubated in a buffer of 25 mM Tris (pH
7.5), 150 mM NaCl and 10 mM DTT for 15 min at room
temperature [36]. Samples were separated on NuPAGE
Novex 4–12% Bis-Tris protein gels (Life Technologies) in
MES buffer. For deubiquitination of the GST-NEMO-
UBAN-puriﬁed ubiquitin chains from pulldowns from ﬂy
lysates and S2 cell lysates, the washed beads were resus-
pended in 25 µl DUB buffer containing 25 mM HEPES (pH
7.6), 150 mM NaCl and 2 mM DTT. One micromole of
recombinant OTULIN, vOTU or AMSH was added to the
respective samples and incubated for 1 h at 37 °C. Lithium
dodecyl sulfate sample buffer was added and samples were
heated at 70 °C for 10 min.
His-ubiquitin pulldowns
S2 cells were lysed in a buffer containing 6M guanidinium-
HCl, 0.1 M Na2HPO4, 0.1 M NaH2PO4, 0.01M Tris-HCl
(pH 8), 5 mM imidazole and 10 mM β-mercaptoethanol (β-
ME). The lysates were incubated with Ni-NTA agarose
beads (Qiagen) at 4 °C overnight. The beads were washed
once with a buffer containing 6M guanidinium-HCl, 0.1 M
Na2HPO4, 0.1 M NaH2PO4, 0.01M Tris-HCl (pH 8) and 10
mM β-ME, and twice with a buffer containing 8M urea,
0.1 M Na2HPO4, 0.1 M NaH2PO4, 0.01M Tris-HCl (pH 8),
10 mM β-ME and 0.1% Triton X-100. His-Ub-conjugated
proteins were eluted using a buffer containing 200 mM
imidazole, 0.15 M Tris (pH 6.7), 30% glycerol, 0.72 M β-
ME and 5% SDS.
HA and V5 immunoprecipitations
S2 cells were lysed in a buffer containing 50 mM Tris (pH
7.5), 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM
EDTA, 5 mM NEM, 5 mM chloroacetamide and Pierce™
Protease Inhibitor and cleared at 12,000 rpm for 10 min at
4 °C. For denaturing conditions, lysates were sonicated after
adding SDS to a ﬁnal concentration of 1%. After sonication
the lysates were diluted to 0.1% SDS before clearing. For
immunoprecipitation, samples were incubated in α-HA or
α-V5 agarose beads (Sigma) for 2 h. The beads were
washed three times in a buffer containing 10 mM Tris (pH
7.5), 150 mM NaCl, 0.1% Triton X-100 and 5% glycerol.
HA-conjugated or V5-conjugated proteins were eluted
using Laemmli sample buffer.
Quantitative RT-PCR
Drosophila S2 cells or adult ﬂies were homogenised using
QIAshredder (Qiagen) and total RNA was extracted with
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol. cDNA was synthesised with iScript cDNA
Synthesis Kit (Bio-Rad) according to the manufacturer’s
protocol. qPCR was performed using Kapa SYBR Fast ABI
Prism qPCR Kit (Kapa Biosystems). rp49 was used as a
housekeeping gene for ΔΔCt calculations. The following
gene-speciﬁc primers were used to amplify cDNA: AttacinA
(5′-ATGCTCGTTTGGATCTGACC, 5′-GACCTTGGCAT
CCAGATTGT), Diptericin (5′-ACCGCAGTACCCACT
CAATC, 5′-ACTTTCCAGCTCGGTTCTGA), Drosocin
(5′-CGTTTTCCTGCTGCTTGC, 5′-GGCAGCTTGAGT
CAGGTGAT), IM1 (5′-GTTTTTGTGCTCGGTCTGCT,
5′-CACCGTGGACATTGCACA), Drosomycin (5′-CGTG
AGAACCTTTTCCAATATGATG, 5′-TCCCAGGACCA
CCAGCAT), RBR-LDD (5′-CGGAACCCATGCAGATC
AAG, 5′-CGCAGTCCGTCAGATCAAAG), ZnF (5′-TGC
TCCATATGCTGCAAGAC, 5′-CGGATTTCTGACTGG
GTTGT), Ub (5′-AGGAGTCGACCCTTCACTTG, 5′-CG
AAGATCAAACGCTGCTGA), and rp49 (5′-GACGCTT
CAAGGGACAGTATCTG, 5′-AAACGCGGTTCTGCAT
GAG).
Immunoﬂuorescence of Drosophila intestines
Intestines from female adult ﬂies were dissected in PBS and
ﬁxed for 10 min in 4% paraformaldehyde. Samples were
permeabilised with PBS-0.1% Triton X-100 for 1 h at room
temperature, washed with PBS and incubated overnight at
4 °C with primary antibody rabbit anti-phospho-Histone H3
1:1000 (S10, Cell Signalling Technology) and 2 h at room
temperature with secondary antibody Alexa Fluor 488
donkey anti-rabbit IgG 1:600 (#A21206, Invitrogen). Both
primary and secondary antibodies were diluted in PBS and
0.1% bovine serum albumin. DNA was stained with DAPI
(4′,6-diamidino-2-phenylindole) (Invitrogen). After wash-
ing with PBS, the samples were mounted using Mowiol
(Sigma). Imaging was performed with a spinning disk
confocal microscope (Zeiss Axiovert-200M microscope,
Yokogawa CSU22 spinning disk confocal unit) using ×20
objectives. The acquisition and processing software
was 3i SlideBook6 and image processing was done
with Image J.
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X-gal staining of Drosophila intestines
Intestines from female adult ﬂies were dissected in PBS and
ﬁxed for 15 min with PBS containing 0.4% glutaraldehyde
and 1 mM MgCl2. The samples were washed with PBS and
incubated with a freshly prepared staining solution con-
taining 5 mg/ml X-gal, 5 mM potassium ferrocyanide tri-
hydrate, 5 mM potassium ferrocyanide crystalline and 2 mg/
ml MgCl2 in PBS at 37 °C. After washing with PBS, the
samples were mounted using Mowiol (Sigma) and imaged
with brightﬁeld microscopy (Leica).
Bacterial colony count
Escherichia coli was transformed with pMT/Flag-His and
cultivated in LB medium at 37 °C for 16–18 h on agitation
and concentrated by centrifugation (optical density of
0.150). After a 2 h starvation, female adult ﬂies were fed for
24 h with a 1:1 solution of transformed E. coli in 5%
sucrose at 25 °C. Two ﬂies were cleaned with ethanol and
distilled H2O, and homogenised in 150 µl PBS. The sample
was cleared at 12,000 rpm for 10 min at 4 °C, and cleared
samples were diluted 1:100 and plated on LB agar plates
containing 50 µg/ml ampicillin. Colonies were counted 24 h
after plating.
Structural modelling
The 3D structure of the Kenny UBAN and the LUBEL
CBR was modelled with Phyre2 [65]. Molecular graphics
and analyses were performed with PyMol or the UCSF
Chimera package [66] using the indicated templates.
Statistical analysis
Results from survival assays were analysed by two-way
analysis of variance (ANOVA) and results from AMP ana-
lysis with qPCR by one-way ANOVA, both with Bonferro-
ni’s post test for 95% conﬁdence interval. In comparison to
normalised control values and in analyses of qPCR results and
in colony counts, one-sample t tests were applied if less than
three genotypes were analysed. In ﬁgures, ns stands for p >
0.05, * for p < 0.05, ** for p < 0.01, *** for p < 0.001 and
**** for p < 0.0001. Error bars in ﬁgures specify SEM from
the indicated number of independent experiments. The
experiments were repeated at least three times. With smaller
differences in detection, more repeats were done.
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